characterizing biological mechanisms dependent upon the interaction of many cell types in vivo requires both multiphoton microscope systems capable of expanding the number and types of fluorophores that can be imaged simultaneously while removing the wavelength and tunability restrictions of existing systems, and enhanced software for extracting critical cellular parameters from voluminous 4D data sets. We present a procedure for constructing a two-laser multiphoton microscope that extends the wavelength range of excitation light, expands the number of simultaneously usable fluorophores and markedly increases signal to noise via 'over-clocking' of detection. We also utilize a custom-written software plug-in that simplifies the quantitative tracking and analysis of 4D intravital image data. We begin by describing the optics, hardware, electronics and software required, and finally the use of the plug-in for analysis. We demonstrate the use of the setup and plug-in by presenting data collected via intravital imaging of a mouse model of breast cancer. the procedure may be completed in ~24 h.
IntroDuctIon
The ability of multiphoton microscopy to optically section deep into living tissue without damaging the sample has made it a primary tool in intravital imaging, thereby explaining the behavior of cells in their native microenvironments. The success of this tool in the dis covery of new biological mechanisms involving interactions between different cell populations [1] [2] [3] [4] underscores the necessity of expanding multiphoton imaging to more simultaneous fluorescent channels to facilitate the study of interactions between multiple cell types.
Labeling of multiple targets has been hampered, though, by the limited range of probes that may be used simultaneously and still separated into individual channels.
Some attempts to expand the number of imaging channels have focused on artificially creating a new channel by the careful balanc ing of cross talk between two independent channels 5 or on spectral unmixing of the signal acquired in multiple detectors 6 . Other attempts to meet this demand have focused on actually expanding the repertoire of probes (injectable or genetically encoded) that can be visualized simultaneously. These efforts have taken one of two approaches.
The first approach focuses on using a conventional multipho ton microscope and selecting specific compatible probes that may be excited with one femtosecond laser 7, 8 . The second approach, however, aims to extend the wavelength range of excitation light beyond the capabilities of standard femtosecond laser systems (690-1,040 nm) and utilize the additional use of an optical parame tric oscillator (OPO; 1,100-1,600 nm) to create a 'broadband' multiphoton platform. Use of this wavelength range enables the use of redshifted fluorescent proteins 9 including what we term Red (emission > 550 nm) fluorescent proteins (e.g., mCherry, TagRFP, mKate2 (refs. 10,11) and new farred (emission > 650 nm) fluorescent proteins, such as TagRFP657 (ref. 12) .
The development of custom multiphoton microscopes speci fically designed to extend the capabilities beyond commercially available systems has a long history (Table 1) , with many of the earlier efforts focused on modifying commercial pointscanning confocal microscopes. Recent efforts at building systems using OPOs have focused on modifying a commercially available multi photon microscope using a single femtosecond pulsed laser as both an instrument for imaging and as a pump laser for an OPO 13, 14 . At the time of writing this article, this system is commercially available (TriM Scope II, LaVision).
However, as the OPO requires very specific pump wavelengths determined by the desired output wavelength range (see Table 2 ), and the great majority of the output power of the femtosecond laser, these systems are limited in wavelength tunability and range of available intensity, forcing the return, once again, to the limited situation of selecting specific compatible probes. In contrast, the system we have developed is a custombuilt twolaser multipho ton microscope (TLMPM) capable of exciting fluorophores in the ranges of 750-1,040 and 1,100-1,600 nm, and detecting fluores cence in the range of 400-740 nm. Because this microscope uses two independent laser systems, the number and type of fluorophores is not limited by the source and we are able to excite fluorophores simultaneously and image rapid events (such as cell motility). By using four simultaneously acquiring physical detectors in combina tion with the color balancing technique previously developed in our lab 5 (and described in this protocol), it is possible to simultaneously image five different fluorophores and separate their signals.
Once multiple cell types can be separately visualized, their inter actions can only be understood via quantitative statistical analyses of cellular parameters extracted from the image data. However, until recently 15, 16 , most available image processing tools were not opti mized for highresolution intravital or 3D imaging in tumors. They were commonly designed for 2D images or timelapse sequences without the ability for measurement of axial movements or to follow movement of the same cell throughout a 4D (3D informa tion over time) stack. The task is further complicated by difficulty in displaying 4D data and, as is often the case in intravital imaging, the inclusion of drifts in one or more of the x, y and z dimensions, as well as artifacts from irregular breathing. that cause these algorithms to break down, making this a task that cannot be fully automated.
To address this, we have developed a Javabased plugin for NIH ImageJ (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2009), which provides a userfriendly graphical interface that simplifies both the identification and tracking of objects in multidimensional image sets and the extraction of this quantitative data for further analysis in other software packages. The design of this plugin makes it a useful tool not only for the analysis of cell motility in solid tumors, but also for any type of object tracking problem.
Instructions for accessing the ROI_Tracker plugin may be found on the Gruss Lipper Biophotonics Center website (http://www.einstein. yu.edu/biophotonics) under the 'Innovation Laboratory' link.
Thus, in this protocol, we describe the procedure for constructing a twolaser multiphoton microscope that extends the number of simultaneously usable fluorophores and for using a software plug in that we have written for the free and widely used image analysis program ImageJ, which simplifies the quantitative tracking and analysis of 4D intravital image data available in these more complex multichannel imaging data sets.
Experimental design
Optical design. A block diagram of the optical layout of the micro scope, detailed in Figure 1a , and laid out in a computeraided design drawing in Figure 1b , shows the two laser sources. The first, a standard femtosecond pulsed Ti:Sapphire laser (Tsunami Millennia), is used for excitation of fluorophores in the range of 750-950 nm (e.g., cyan fluorescent protein (CFP), green fluorescent protein (GFP), yellow fluorescent protein (YFP)). The second con sists of an automatically tunable femtosecond pulsed Ti:Sapphire laser (MaiTai) and an OPO (Opal). Depending on the combination of fluorophores needed, the output from the MaiTai can be used directly, giving one source with a wavelength range of 950-1,040 nm, or it can be tuned to a pumping wavelength ( Table 2 ) and used to pump the OPO where its energy is converted into femtosecond pulses in the range of 1,100-1,600 nm. A pair of flip mirrors allows selection between these two possible paths. Figure 2 details the spectra of combina tions of fluorescent proteins commonly used in our lab along with laser wavelengths used to image them, and Table 3 summarizes the optical properties of commonly used fluorescent proteins gathered from the literature.
With either choice of path, both beams are each passed through a shutter (SH20B), a manual attenuator (MA), a computercontrolled Pockels cell attenuator (Model 350-80 for 750-950 nm range and Model 360-40 for > 950 nm), and for the Tsunami beam, a custombuilt group velocity dispersion (GVD) compensator (G; described in the next section).
A MA is used in addition to a computercontrolled Pockels cell to limit the maximum intensity available at the microscope objective to reasonable values that will not damage samples. This gives simple 0-100% control over the laser intensity at the computer interface. It is also important to note that the MA comprises a halfwave plate followed by a linear polarizer. This type of attenuator must be used instead of neutral density filters or reflective attenuators as these will be burned by the high peak pulse powers of the lasers.
One further important consideration for the Pockels cell is that of the linearity of its attenuation. On its own, a Pockels cell creates an attenuation response that is a sinesquared function of the control voltage. When the software is written to control this element, this functional dependence should be eliminated to produce a linear attenuation response.
Next, the two beams are combined using a dichroic mirror (Di, used at 45° incidence) and sent on to a galvanometer pair (VM500 +). A scan lens (SL) conjugate to the galvos focuses the beam at the back focal plane of the tube lens (TL), which is itself conjugated to the objective lens. In many multiphoton systems, an additional set of lenses is typi cally included to expand the laser beam so as to properly fill the back aperture of the objective lens and ensure the full use of the numerical aperture (NA) of the objective. This expander can then be adjusted to accommodate the different objective lenses with differentsized back apertures and NAs. In our system, we make use of a single ×20, 0.95 NA objective lens for all our imaging. The combination of low magnification and high NA of this lens allows us to rapidly switch between lowmagnification, histologic type imaging and highmagnification, highresolution imaging by simply adjusting the range of the scanning galvanometers. Proper filling of our objective lens is accomplished by the telescope formed by our SL and TL. Doing so simplifies the optical alignment of the system and minimizes the amount of dispersive glass present.
The generated fluorescence light is separated from the excita tion beam with a second dichroic (720DCXXR) and sent on to a lighttight detector box. The detector box is designed to hold three standard Olympus filter cubes (OMF) on magnetic mirror mounts. This design enables the rapid changing of filter sets, which can thus be tailored to each experiment, without compromising alignment. Two detector boxes may also be attached together, extending the number of filter cubes (FC) and detectors available. In our setup, four nondescanned (×3 H7422PA40 and ×1 HC125-02) detectors simultaneously collect the spectrally separated fluorescence light.
The optics surrounding the lasers and the actual microscope are divided into four functional units (Fig. 1, letters A through E) further detailed in Figures 3-7 and described in Table 4 .
See Supplementary Figure 1 for an interactive 3D .pdf file of the complete optical layout of the multiphoton microscope.
GVD compensator.
Although care has been taken in the optical design to minimize the number of dispersive optical elements between the laser and the sample, significant pulse broadening is to be expected even with this minimum number of elements. For the OPO beam, this dispersion can be somewhat compensated for by using GVD compensation prisms built into the oscillator cavity. However, for the Tsunami beam, the range of GVD compensa tion available is limited by the necessity of maintaining mode lock within the cavity.
As such, we have built an external GVD compensator 18 using a doublepass arrangement. The optical layout is shown in Figure 3 . Here the laser beam enters the GVD compensator by way of a pair of mirrors forming a periscope (PS1) and is sent on to mirror M1, which redirects the light to the apex of the first prism (P1). The prism angle is adjusted so as to produce a minimum beam deflec tion. Negative dispersion of the pulses then accrues as the beam then traverses the distance from P1 to a fold mirror (M2) and on to a second prism (P2) mounted on a linear translation stage. The angle of this second prism is also adjusted so as to produce a minimum beam deflection, and a mirror (M3) is placed so as By properly adjusting the distance between P1, M2 and P2, the amount of negative dispersion added to the beam can be tailored to cancel out the amount of positive dispersion created by the two prisms and all of the other optical elements in the microscope (i.e., Pockels cell, objective lens and so on). Fine tuning of the amount of dispersion can then be accomplished by adjusting the micrometer screw for P2 (doubleheaded arrow), and adding or removing an additional thickness of glass. It should be noted that adjustment of these prisms will induce small deviations into the beam path and result in a slight misalignment of the microscope. These deviations may be quickly compensated for, however, by adjusting the exiting mirrors of the GVD compensator (M4 from Using an autocorrelator (Carpe) we measured the pulse widths of the beam at various locations. Without any GVD compensa tion, dispersion of our optical elements increases the 95fs pulses coming out of the laser to 255 fs after the objective lens. With GVD compensation, these pulses are again narrowed down to 85 fs at the sample (see Fig. 8 ). To compare the effect that GVD compensation has upon the collected fluorescence signal, we imaged an excised PyMTgenerated tumor expressing CFP both with and without GVD compensation. All other parameters (e.g., laser power, pho tomultiplier tube (PMT) gain) were maintained constant. For the same field of view, we observe a 300% increase in fluorescence signal with GVD compensation (Fig. 8.) Electronics design. The timing and control signals generating the galvanometer raster scan are created with a highspeed analog out put board (PXI6713). This board also generates the control signals for the Pockels cells and the photodetector gain signals.
Blanking of the laser during flyback is accomplished by using the HSync signal to turn off the Pockels cell control voltage via a customdesigned electronic circuit ( Fig. 9) based on a wideband video switch (DG541). The photodetector signals are captured and digitized with two data acquisition (DAQ) boards (PXI6115).
An overview of the microscope control electronics is given in Figure 10 . This block diagram lays out all the connections between the computer, the control/DAQ boards and each of the external devices. In this figure, the internal, softwareconfigured connec tions between the two input/output boards and the analog output board are represented by the red realtime system integration lines. These connections are further detailed in Figure 11 showing how the onboard clock is used to generate a pixel clock (PCLK) and a clock for data acquisition (DAQ clock). The DAQ clock drives the rate at which DAQ progresses, and the PCLK is used to generate the rest of the raster generation signals.
Although the fastest scan rate of the microscope system is lim ited by the inertial response of the galvanometers to ~1 frame per second, the higher bandwidth capabilities of the photodetectors and acquisition electronics gives an opportunity for signaltonoise improvement without sacrifice of acquisition time. A typical multi photon PMT photosignal (shown in Fig. 12a ) comprises many elec tronic pulses (inset), each in the order of 10 ns in duration. With the conventional DAQ schemes, one data point is acquired for each scan position in an image and is triggered by a PCLK (Fig. 12b) . The finite and typically fast sampling time (~100 ns) of DAQ board means that the majority of the available PMT pulses go undetected. To capture these lost pulses, we use an 'overclocking' technique in which the acquisition clock is run a multiple faster than the PCLK rate (Fig. 12c) . This allows the acquisition of several data points for each pixel in the scan, which are then averaged together (Fig. 12d) .
Software design. The control software is an area that contains the most flexibility in its design. At a minimum, the control software must generate the raster scan signals, capture the incoming data and save them to disk. Additional features can be included to facilitate ease of use (e.g., realtime, ondisplay merging of imaging chan nels), or add additional imaging capabilities (e.g., zstack imaging, timelapse imaging).
In our system, custom software (written in LabVIEW) centralizes control of the entire system within one interface and allows several types of imaging modalities including time series, zstacks, mosaics and combinations thereof.
Future design considerations.
Future expansion of the system is simplified as all electronics and software have been designed from the start to accommodate eight simultaneous acquisition channels. These extra imaging channels could allow simultaneous detection of up to four different cell types, two second harmonic signals and two reflectance confocal channels in the same living animal.
In addition, the gap between the Ti:Sapphire and OPO light sources, which spans 1,050-1,100 nm, can be eliminated through the use of the second harmonic of the OPOs additional 'idler beam' output.
Support software for multiphoton 4D imaging. The interface to our software, called ROI_Tracker, is shown in Figure 13 . To fully leverage existing capabilities and minimize development time, our software was developed as a plugin for the opensource image processing package, ImageJ (version 1.41o or later). The plugin is designed to access the pixel information contained in 3D, 4D or 5D (x, y, z, t and channel) image data, which has been formatted as ImageJ hyperstacks. A hyperstack is a method of logically organ izing sets of multidimensional image data into depth slices, time sequences and channels, which are then navigated using sliders. For ease of development, the code was written within the opensource integrated development environment Eclipse (version Ganymede) and used the Visual Editor package (version 1.4.0) for graphical user interface development.
The plugin is thus designed to allow users to easily outline and track the location of cellular features with region of interest (ROI) indicators as the features progress throughout time and change in depth within the hyperstack. Marking these features can be done with a variety of types of selection tools, including point, polygon or freehand selections. Once a particular cellular feature has been followed and marked throughout time and depth of the image set, Note concerning equipment. For many of the parts listed in MATERIALS, there are several vendors offering alternative prod ucts of equivalent quality. In the cases in which these alternative products may be substituted, we have marked the item with 'or equivalent' . When not marked as such, we have found the indicated item to be superior to possible alternatives. To account for the mul titude of optomechanical parts required, we have recommended purchasing kits rather than listing them individually. More than one kit of each type may be required. For the few parts that have been custom designed, drawings are available upon request. . 4 ) position via its linear translation stage, more or less glass (positive dispersion) can be added to the optical path. When the positive and negative dispersions are balanced, a minimum of pulse width is observed. We have observed the pulse width reduced to 85 fs at the sample as compared with 255 fs without GVD compensation. (b) Left, a CFP-labeled tumor generated in a PyMT transgenic mouse without GVD compensation. Right, the same sample with GVD compensation. The presence of GVD compensation increases the fluorescence signal by 300%. All animals were used according to protocols that have been reviewed and approved by Einstein's Institutional Animal Care and Use Committee. 
MaterIals

EquipmENT
General equipment
Femtosecond laser (2; Spectra Physics, Tsunami or Mai Tai HP Ti:Sapphire laser-or equivalent) Optical parametric oscillator (1; Spectra Physics, Opal-or equivalent) 2| Have the vendor set up the lasers as shown in Figure 1 .  crItIcal step Ensure that enough space is left between the Mai Tai and the Opal for the inclusion of an iris and a flip mirror. About 11 inches between the side of the Mai Tai and the input end of the Opal should be sufficient. ! cautIon The Periscope (PS2) and lens holders L1 and L2 shown in Figure 4 are set up by the vendors, and care should be taken not to disturb them; otherwise, the operation of the Opal will be affected. It is not necessary, but is highly recommended, that training be received on how to align the Opal system.
3|
Have the vendor set up the microscope, install the Chroma silver mirror in the Laser Port B FC (this side port will be the input port for the lasers) and install the Chroma excitation-emission separating dichroic mirror (Di) in the Laser Port C FC (this port will be positioned where the fluorescence light is collected). Remove the TL and its holder from the Laser Port B turret.
setting up the components in Mai tai-Mai tai pump beam path • tIMInG 30 min 4| Turn on and tune the laser to a wavelength easily visible to the eye (e.g., 690 nm) (see Fig. 4 ).
5|
Install the iris (I2) so that the beam coming from the top periscope (PS2) mirror passes centered through its aperture.  crItIcal step This element, as with all of the irises in the system, may be used in the future as references to regain beam positioning if an upstream element is accidently misaligned.
6| Install the flip mirror (F1) so as to deflect the beam 90° to the left when the mirror is in place.
? troublesHootInG
7|
Install the linear polarizer portion of the MA (MA2) in the beam path and rotate it to produce a minimum in the intensity of transmitted light.
8|
Install the half-wave plate portion of the MA in the beam path just before the linear polarizer and rotate it to allow only about 50 mW of transmitted light. ! cautIon Back reflections from either the linear polarizer or the half-wave plate that enter the laser will disrupt the mode-locking ability and/or the stability of the laser output. It is thus critical to rotate each of these elements slightly so that their back reflections miss entering the laser aperture.
9|
Install mirror M5 to deflect the beam down the length of the Opal system. setting up the optical components in the Mai tai-opal beam path • tIMInG 2 h 10| Tune the Mai Tai to 690 nm. No signal beam will be emitted from the OPO at this pump wavelength (see Fig. 5 ).
11|
Move the flip mirror that was installed in the previous section out of the beam path so that the beam enters the Opal.
12|
Remove the blocking filter from the output window of the Opal. Only the residual pump beam should be visible. ! cautIon When properly tuned, the light output from the Opal is a combination of the signal output (the desired wavelength), a residual amount of the pump wavelength, and the sum frequency between the pump and the idler beams. These beams are not collinear and only the signal beam should be used for alignment. The filter attached to the output Brewster window eliminates all beams except for the signal.
13|
Install an iris (I3) close to the output of the Mai Tai and center it so that the beam passes evenly through its aperture. This iris may now be used to attempt to recover the Opal alignment if the input pump beam is accidentally moved.
14|
Tune the Mai Tai to 750 nm and tune the Opal so that it generates 1,200-nm light at its output. ? troublesHootInG
15|
Replace the blocking filter at the output window of the Opal.
16|
Using the IR viewer, install the mirror M6 as shown in Figure 5 , so that the beam is centered on the mirror and the reflected beam travels 90° to the original path and parallel to the table.
17|
Install the linear polarizer of the MA (MA3) into the beam path and rotate it to produce a maximum of transmission.  crItIcal step This is opposite of what was required for the Step 7. Although both the Opal and the Mai Tai have horizontal polarization for their output beams, the Mai Tai beam traverses a periscope with a right angle turn that changes its polarization to vertical. Setting this element to produce a maximum of transmission returns both beams to the same vertical polarization.
18|
Install the half-wave plate portion of the MA (MA3) in the beam path just before the linear polarizer and rotate it to produce less than 50 mW of transmitted power. Figure 4 into the beam path.
19| Flip the mirror (F1) from
20|
Install the flip mirror (F2) so that the Mai Tai beam strikes the center of the mirror and the beam is reflected 90° to the left and parallel to the table. Figure 4 back out of the beam path.
21| Flip the mirror (F1) from
22|
Flip the mirror (F2) out of the beam path.
23|
Install mirror (M7) so as to redirect the beam 90° to the right.
24|
Install the periscope (PS3) and adjust its bottom mirror so that the Opal beam strikes its center.  crItIcal step Ensure that enough space is retained for the Pockels cell (PC2).
25|
Install the Pockels cell according to the vendor's instructions.  crItIcal step When properly aligned, the Pockels cell should transmit > 90% of the input light when set for full retardation and < 0.01% when set for zero retardation.
26|
Tune the Mai Tai to 1,040 nm and flip both F1 and F2 into the beam path.
27| By using mirrors M5 and F2, adjust the Mai Tai beam so that it passes through the Pockels cell (PC2) and has > 90% transmission when set for full retardation and < 0.01% when set for zero retardation. ? troublesHootInG 28| Install the shutter (S2) to block the beam reflected off of the top mirror of the periscope (PS3). These elements will be further aligned as described in the following section.
Installing the microscope and scanning optics • tIMInG 2 h 29| Position the microscope on the optical table ~30 inches from the right side of the table and bolt it to the table (Fig. 6 ).
30| Place a sample containing small (approximately 5-10 µm) absorbing particles on the stage. Dried highlighter on a cover slip often works well.
31|
View the sample using transillumination and adjust the microscope to attain Koehler illumination.
32|
Center a small particle in the ocular field of view.
33|
Turn the filter turret to the position containing the Laser Port B mirror and increase the transillumination lamp to its maximum intensity. Light will exit from the Laser Port B aperture.
34|
Install the TL into the lens mount and position it so that a sharp image of the particle is transmitted straight out from the side of the microscope and travels parallel to the table.  crItIcal step The flat side of the lens should face the microscope.
35|
Install the SL 225 mm away from the TL, ensuring that the transmitted light travels parallel to the table.  crItIcal step The flat side of the lens should face away from the microscope.
36|
Install the galvanometer assembly next to the SL and using the three linear stages, position it so that all of the light strikes the top mirror and that the focus comes to a focus in between the two galvos.
37|
Connect the power supply for the galvanometers and connect the laboratory power supply to the control voltage inputs.
38|
Carefully adjust the control voltages, reversing polarity if necessary, to make the reflected image travel 90° from the SL path and parallel to the table. Record the voltages required for later use.
39|
Install and position the two irises (I6 and I7) so that the image of the particle is centered through their apertures. These two irises now define the scanner's incoming optical axis.
40|
Install mirror M8 so that the image of the particle strikes the mirror center, and rotate it so that the beam is reflected by 90° to the left and travels parallel to the table.
Installing the detector box • tIMInG 3 h 41| Assemble the detector box without any FCs or photodetectors (Fig. 7) .
42|
Change the position of the excitation-emission separation dichroic so that it is in the imaging path. Light will be emitted out of Laser Port C.
43|
Install the threaded, frosted alignment disk into the port in the detector box opposite the collection lens.
44|
Install the detector box onto the aperture of Laser Port C and adjust its height and position so that the image of the particle is centered on the alignment disk.
45|
Install the FCs on the magnetic mounts into the detector box.
46|
Move the alignment disk from the back wall to the first PMT position.
47|
Adjust the actuator screws on the first FC to center the image of the particle on the alignment disk. ? troublesHootInG 48| Repeat Steps 46 and 47 for each subsequent FC and PMT position.
49|
Install the PMTs, their lenses and their controller electronics.  crItIcal step The flat side of the lenses should face the PMTs.
50|
Slide the excitation-emission separating dichroic out of the beam path.
Installing the components in the tsunami beam path • tIMInG 2 h 51| Install the optical breadboard of the GVD compensator on the table next to the Tsunami laser.
52|
Turn on the Tsunami and adjust it such that the output is set to a wavelength close to the expected operating wavelength and is less than 50 mW in power.
53|
Install the first mirror of the periscope (PS1) shown in Figure 3 , such that the beam is centered on the mirror and is reflected directly up to the ceiling.
54|
Install the second mirror of the periscope (PS1) so that the beam is centered on the mirror and is reflected 90° to the right and parallel to the table and to the GVD breadboard.
55|
Install the square mirror (M1) so that the beam is centered horizontally on the mirror, but strikes the mirror about two beam diameters from its top. Adjust its angle so that the beam is reflected 90° toward the ceiling and parallel to the table.
56| Install the shutter so that the beam passes through the center of its aperture and open the shutter.
57|
Install the linear polarizer portion of the MA (MA1) into the beam path.
58|
Install the half-wave plate portion of the MA into the beam path.
59|
Increase the power on the Tsunami laser to its normal operating power and rotate it such that there is <50 mW of transmitted power.
60|
Install the Pockels cell according to the vendor's instructions and connect its electronics.
61| Adjust the Pockels cell offset bias so that the transmitted beam power is < 50 mW. Note the power transmitted by the Pockels cell.
62|
Install the stationary prism assembly (P1) so that the beam strikes the prism about two beam diameters from the bottom of the prism and two beam diameters from the apex of the prism. Note: the apex should be pointed toward the ceiling.
63|
Rotate the prism in its post holder and observe the deflected beam. The beam will move in the same direction that the prism is being turned until a point at which the beam stops and reverses direction. Adjust the prism so that the beam is reflected to this maximum deflection point.
64|
Install the fold mirror (M2) so that the beam strikes about one beam diameter below its center and is reflected by ~10°.
65|
Install the moving prism assembly so that the beam passes about two beam diameters below the center of the prism and about two beam diameters from the apex of the prism.
66|
Rotate the prism assembly in its post holder and observe the deflected beam. Adjust the prism so that the beam is maximally deflected.
67|
Install mirror (M3) so that the deflected beam strikes its center and is reflected directly back down the path.
68|
Adjust the vertical actuator on mirror (M3) to deflect the retroreflected beam so that it passes over the top of mirror M1 by about two beam diameters.
69|
Install mirror (M4) such that the beam strikes the mirror in the center, is reflected by 90° to the left and travels parallel to the optical table.
70| Measure the power of the beam after mirror M4. The power loss should be < 20% when compared with that measured in
Step 59. ? troublesHootInG 71| Shutter the Tsunami.
Mating the beam paths • tIMInG 2 h 72|
Install mirror (M8) such that the image of the particle is centered on the mirror, is reflected by 90° to the right and travels parallel to the table (Fig. 6) . Position the mirror on the table such that the reflected beam strikes in the same plane as the top periscope mirror (PS3 from Fig. 5 ).
73| Adjust the height of the top periscope mirror (PS3 from Fig. 5) , such that the image of the particle is centered on the mirror.
74|
Install the beam-combining Di such that the image of the particle is centered on the mirror, is reflected by 90° to the left and travels parallel to the table.
75|
Install mirror (M9) such that the image of the particle is centered on the mirror, is reflected by 90° to the left and travels parallel to the table.
76| Position the mirror (M9) such that the reflected image lies in plane with the last mirror (M4 in Fig. 5 ) of the GVD compensator.
77| Adjust the height of the mirror (M4 in Fig. 3 ) such that the image strikes the mirror center.
78|
Open the Tsunami shutter.
79|
Using the actuators on M9 and on the Di, guide the beam so that it passes through the center of both I6 and I7.
80|
Close the Tsunami shutter.
81|
Open the Opal shutter.
82|
Using the actuators on PS3 and M8, guide the beam so that it passes through the center of both I6 and I7.
83| Flip the two mirrors F1 and F2 out of the beam path.
84|
Adjust the Mai Tai to 750 nm and verify that the Opal is generating light at 1,200 nm.
85| By using the actuators on mirrors M6 and M7, guide the beam so that it passes though the center of both I6 an I7.
Fine tuning the GVD compensator • tIMInG 2 h 86| Close the Opal shutter.
87|
Open the Tsunami shutter, tune the Tsunami to 880 nm and ensure that it is pulsing.
88|
Install the autocorrelator into the beam path according to the manufacturer's instructions and place the detector head on the microscope stage.
89|
Adjust the movable prism stage P2 (shown in Fig. 3 ) and measure the pulse width of the beam as a function of prism position (e.g., Fig. 8 ).
90| If the pulse width does not attain a minimum, adjust the spacing between P1 and P2, realign the alignment Tsunami beam and repeat
Step 89 until a minimum is attained within the range of motion of the movable stage. This completes the optical alignment of the microscope.
setting up the electronics • tIMInG 4 h 91| Install the electronic boards in the computer.
92|
Solder together the components for the blanking circuit according to the diagram shown in Figure 9 .
93| Connect all of the electronics as shown in the diagram in Figure 10 .
color balancing and separation of channels • tIMInG 10 min 94| While recording images, adjust laser powers and PMT gains so that the signal level recorded from a fluor that bleeds into two channels is balanced. This is most easily done when viewing a color-merged image. For example, when blue and green signals are balanced, they will appear cyan in color. ! cautIon Care must be taken to avoid using laser powers high enough to cause photodamage or photobleaching to the sample.
95|
Save the four channels of data in either 8-bit or 16-bit images.
96| Subtract the first channel from the second to create one separated channel. For example, when using CFP and GFP together, subtracting the blue data from the green data will leave an image containing only the GFP signal. Any signal that existed in both channels (as CFP will be) will result in a zero value in the resultant image, and any signal that existed solely in the CFP (such as a second harmonic signal) channel will result in a zero value in the resultant image because negative pixel values are set to zero in 8-bit or 16-bit images.
97| Subtract the second channel from the first to create another separated channel. For example, subtracting the green from the blue channels will result in an image residing solely in the blue channel for the same reasons stated in Step 96.
98|
Steps 96 and 97 may be repeated for other overlapping channels (e.g., Texas Red and TagRFP657). Proper use of the technique can be verified by using a mixture of cells, in vitro, each separately labeled by a single fluorophore. This is demonstrated in Figure 14 using CellTracker Red CMPTX dye, a dye with spectral characteristics very similar to Texas Red.
set up plug-in for ImageJ • tIMInG 10 min 99| Download and install a version of Java higher than 1.6.
100| Download and install a version of ImageJ higher than 1.41o.
101|
Copy the ROI_Tracker plug-in jar file to the plug-ins folder under the ImageJ installation directory.
using the roI_tracker plug-in • tIMInG 30 min 102| Start ImageJ and import your 4D data set into ImageJ by using the 'File/Import image sequence' option.
103|
Convert the data set to a hyperstack, specifying the number of channels, sections and time points present within.
(Instructions for this conversion for various types of data sets are included in the documentation distributed with ROI_Tracker.)
104| Use 'Image → Properties' option to set voxel size and units, as well as the interval between time points ('frame interval').
105|
Choose ROI_Tracker from the 'Plug-ins' menu.
106| Draw a selection around an object of interest (e.g., cell) using one of the ImageJ selection tools (freehand, point, elliptical, rectangular or line).
107|
Click on 'Add ROI' to add the ROI to the Track. The program will calculate region parameters and display them within a table on the screen (Fig. 13) . All of the region parameters (e.g., velocity, segment length) will be calculated in three dimensions. 108| Advance to the next time point/z-section and repeat Steps 106 and 107 for this same object for each image in the data set. As more regions are added to a Track, markers for the centroid and a path connecting the centroids are drawn on the screen to facilitate visualization of the object progress.
109| When all time points have been completed, click on the 'Add Track' button to begin analyzing the movement of another object of interest. The parameters for the various Tracks may be viewed by selecting the appropriate Track using the Track dropdown field.
110|
To access the ROI-associated data for further analysis and statistics, click on 'Export' and an ASCII file will be saved.
To access the individual points of each ROI, click on the 'Export ROI' and an ASCII file will be saved. Ensure that the background option is checked and click on 'Animate' to generate a movie of the image sequence with animated ROIs overlaid.
? troublesHootInG Troubleshooting advice can be found in table 5.
• tIMInG Steps 1-3, Setting up the 
antIcIpateD results
The two-laser multiphoton microscope described in this protocol enables the simultaneous acquisition of fluorescence signal in four separate physical detectors covering the entire visible spectrum (blue, green, red and far-red) (Fig. 15) . A typical image of the unprocessed data collected by the system is shown in Figure 15b , where signal from CFP-, GFP-and TagRFP657-labeled MTLn3 tumor cells, Texas Red Dextran-labeled macrophages and second harmonic generation from collagen I fibers are collected from a living mouse with the four simultaneously acquiring detectors (Fig. 15a) . By using the signal balancing techniques described in this protocol, the five signals (Fig. 15d) detected by the four detectors may be completely separated from each other (Fig. 15c) . Further, the use of the over-clocking technique described in this protocol results in a marked improvement in signal-tonoise and image clarity that is readily observable in Figure 16 . It is important to reiterate that this improvement is gained without sacrifice of scan rate.
The unique capabilities of this microscope are particularly well suited to photoconversion microscopy. In this type of microscopy, cells of interest are labeled with a fluorescent protein, the excitation and emission spectra of which can be altered from one state to another. An example of this is the photoconvertable protein Dendra2 (ref. 19 ) which, in its unconverted state, has excitation and emission spectra that closely resemble that of GFP. However, on exposure to 405-nm light, both spectra shift to the red (Fig. 2) . This red fluorescence then persists for a period of up to 2 weeks, during which time, the cells that have been selectively exposed to the 405-nm light can be easily distinguished from the rest of the green, nonconverted cells, and their progression and fate can be tracked. Our group has used this technique in several different studies [20] [21] [22] [23] . In particular, we have made a transgenic mouse that spontaneously generates mammary tumors that express Dendra2 (MMTV-iCre × CAGCAT-Dendra2 × MMTV-PyMT) 1, 22 . Use of this transgenic mouse enables the establishment of a zero time point in the study of living tumors after which the stages of tumor progression may be examined.
To study the dissemination of tumor cells to sites distant from the primary tumor mass, we have utilized a 405-nm diode array to photoconvert the entire tumor transdermally and establish a zero time point. Before photoconversion, the entire tumor mass fluoresces green with very little red signal (Fig. 17a) . After photoconversion, a large increase in red signal is observed (Fig. 17b) .
Examination of the lungs after 5 d reveals fluorescent tumor cells that have disseminated from the primary tumor mass. The tumor cells fluorescing green are those cells that have disseminated from the lung before photoconversion, and those fluorescing in red are the cells that had been photoconverted at time zero (Fig. 17c) .
To study the migration and intravasation of tumor cells from the primary tumor mass, we have photoconverted a field of Dendra2-expressing mammary tumor cells next to a blood vessel (Fig. 18, dashed lines) . (Fig. 18b) . Although the large amount of scattering from erythrocytes greatly diminishes the brightness of the single cell, analysis and presentation of the data are greatly facilitated by use of the ROI_Tracker plug-in (Fig. 18c) . The ROI_Tracker plug-in enables the quantitative analysis of these cells. Figure 19 shows the type of analyses that can be done with the data extracted using ROI_Tracker. Depicted is a screenshot of the data extracted from ROI_Tracker and displayed in a spreadsheet. The fields colored in cyan and pink are the data directly exported from ROI_Tracker. The fields colored in green are values calculated from the data generating the Net Path Length, the Directionality and the Average Turning Frequency of the cells. ROI_Tracker also simplifies the quantification of parameters for objects moving along Tracks that cross imaging planes. An example of this type of movement is depicted in Figure 20 . This figure shows a single tumor cell migrating from a tumor mass over a period of 8 min (2 min per frame). As the cell progresses, it disappears from the first imaging plane and appears in a deeper imaging plane. Analyzing this type of 3D movement using ROI_Tracker is simple, as all parameters are calculated on the basis of the full 3D coordinates at each time point. 
